used in industrial applications to maintain safe and reliable operation of plants. The current practice in condition monitoring primarily involves using various forms of mobile devices usually with a single sensor input to perform tests at regular intervals. However, such devices and monitoring services are expensive and require an experienced operator for reliable decisions. This paper investigates an alternative low cost solution for continuous condition monitoring of induction machines using multiple sensors, which can be located next to a machine under test and can provide condition information using indicator lights for quick diagnosis. In addition, the paper provides the hardware and software details of the system implemented which are based on an FPGA based (CompactRIO) LabVIEW platform. A number of test results are also provided in the paper to demonstrate its performance under real faults.
I. INTRODUCTION
ONDITION monitoring of induction motors is desirable in various industrial applications to maintain safe and reliable operation of plants, which can be integrated into a predictive maintenance strategy. A common practice of condition monitoring of induction motors involves using some form of expensive mobile device (for instance, a handheld or a laptop computer) that is capable of performing frequency spectrum analysis on a single sensor input (such as vibration or current). In addition, this requires an expert operator to be able to predict fault(s) in the machines. Furthermore, this type of tests are usually carried out at long time intervals (days, months even years), which may be very late for immediate action, and the service can be costly.
In one of the early studies [1] that considered a continuous monitoring system, this utilized vibration signals for monitoring of rotating machines. In other studies, DSP, PDA and PC based signal analyzers were also implemented but mostly in laboratory environments [2] [3] [4] for vibration signal analysis. In [5] demonstrated by using a DSP (TMS320C32) environment, which implemented an optimal-slip-estimation, a propersample-selection and a frequency auto-search algorithms. An FPGA based portable vibration monitor with an LCD display was reported in [6] , which provided a very compact architecture. However, all these earlier semi-compact mobile and non-industry standard studies still require an expert operator to interpret the results to make reliable decisions.
Therefore, there is a need for a true-compact industry standard condition monitoring device to overcome the above limitations that are present in existing monitoring systems and services. It is also desirable to have a compact device that can be located next to the machine under test and has some form of indicators that can be observed by lay operators.
The CompactRIO [7] is a highly flexible industry-standard and compact emerging device that has found applications in numerous industrial applications, such as an engine control unit for motorcycle prototyping [8] , a medical monitoring device [9] , and a controller in a magnetically levitated system [10] . This paper considers its use for condition monitoring. The unit can accept multiple sensor signals and can accommodate custom written signal analysis tools. It is foreseen that such a condition monitoring platform can provide a low-cost and permanent monitoring system for induction motors. In addition, such system can provide a real-time and continuous monitoring platform with a custom built indicator module that can be plug into the base system. Such a module can offer a visual inspection opportunity for staff that may not have an expert knowledge about condition monitoring.
The paper provides brief background information about the common fault frequencies in squirrel cage induction motors in Section 2. The software and hardware details of the system including the display unit are given in Section 3. The details of the test procedure and some test results with real motor faults are also provided in the paper to demonstrate the capability of the system. 
II. FAULT FREQUENCIES IN INDUCTION MOTORS

A. Bearing Fault Frequencies
The characteristic bearing fault frequencies in induction motors are defined in [11] using the vibration signals and are given below.
( )
Here F CF is the cage fault frequency, F ORF is the outer race fault frequency, F IRF is the inner race fault frequency, F BF is the ball fault frequency, F R is the rotor or shaft frequency, D B is the ball diameter, D P is the pitch diameter, N B is the number of balls and θ is the ball contact angle.
As indicated in [12] , the above equations can be simplified for bearings with 6 to12 balls as
where n 1 and n 2 are integers (1,2,3,...).
Slip, s in the above equations can be calculated by
where N R is the rotor speed and N S is the synchronous speed of the motor. The bearing faults can also be detected using current, voltage and flux signals as given in [13] .
where F L is the supply frequency, m is the positive integer multiplier (1,2,3, ...), and F V is one of vibration characteristic frequencies that can be obtained from Equations 1-4.
B. Stator Fault Frequency
The stator related faults can be detected using the fault frequencies, which can be observed from the FFT analysis of the current, voltage and axial flux signals [14] .
Here n and k are integers (n = 1,2,3,… k = 1,2,3…), and p is the number of pole pairs of the motor. It was reported in [15] that 2F L or a combination of F R , 2F R and 2F L can be a symptom of stator faults in vibration monitoring.
C. Rotor Fault Frequencies
This fault frequency can be determined from the lower sideband equations in Eq.11, [16] and in Eq.12, [17] .
In addition, the following equation can be utilized during the spectral component analysis of current, voltage and flux signals for broken rotor bar (BRB) fault detection [16, 18] ( )
here k is harmonic index (k=1,2,3…).
It was also reported in [19] that the fault frequency components of BRB are observable in the vibration signal spectrum as increased amplitudes of the sidebands of the pole pass frequency of F R and its harmonics. The pole pass frequency, F p is given by
where F S is the slip frequency, which is equal to the difference between synchronous speed and F R .
In the case of a broken rotor bar fault, the fault frequency can be determined by
where R is the number of rotor bars in the motor. The sidebands around the first harmonics of F RBPF and the second harmonics of F RBPF are also a good indicator for this fault.
D. Typefaces and Sizes
The eccentricity fault frequencies can be determined by the analysis of current, voltage and flux signals, which is given in [20] as,
where k is the harmonic index (k=1,2,3,…), n ecc is the eccentricity order number that is "0" for static eccentricity, "1" for dynamic eccentricity, n ws is the supply frequency harmonic order (n ws = 1,3,5,7,…), and R is the number of rotor slots.
In the presence of both types of eccentricities (static and dynamic), the fault frequencies can be given by
Monitoring eccentricity using vibration signal analysis is given in [19] . The fault frequencies in this reference were defined by pole pass frequency (F p ) components around 2 x F L and F R. . It should be noted that the pole pass frequency in the real machines appears at low frequency range (below 10Hz).
E. Other Fault Frequencies
The other possible faults that can occur in induction motors and the corresponding fault frequencies are listed in Table 1 . The CompactRIO is a reconfigurable hardware device that can offer high-speed parallel, and real time processing tasks in the same unit. The device also accommodates LabVIEW programming [7] 
The principal hardware structure of the system is shown in Fig. 1 , where the CompactRIO component (including the indicator unit) is enlarged. The sensor positions are also illustrated in the figure.
A. CompactRIO Base Unit
The CompactRIO base unit consists of a real time controller module (cRIO-9004), an FPGA chassis (cRIO-9104,Virtex II Xillinx), and an analogue input module (C-series, NI 9201, 8-channel, 12 bit, 500 kS/s). The CompactRIO real time controller performs real time execution of the condition monitoring application including FFT analysis, averaging, windowing, peak detection and fault analysis. The controller also provides flexible data transfer through the network port and web server. The FPGA chassis carries out read-write actions and executes time critical loop applications such as reading data from the analogue inputs or writing the status of the induction motor to the custom-made indicator module (as will be explained later), and passing the data to and from the real time controller through the PCI bus.
In addition, the analogue input module in the base unit contains a channel-to-earth ground isolation barrier, noise immunity system, which are desirable features in signal measurements in condition monitoring. This module is used to capture vibration, current, voltage and flux leakage signals using suitable sensors and signal conditioning devices.
B. Indicator Unit
A custom-designed indicator unit is aimed to provide an onsite fault diagnosis for the operator. The details of this unit is excluded due to commercial sensitivity. The main functions of this unit are that it provides information to the operator about various groups of faults and associated fault levels. This unit is controlled by the FPGA chassis through the SPI protocol.
The entire CompactRIO based monitoring system was programmed using LabVIEW TM . Figures 2 and 3 illustrate the flow-chart of the developed software. As can be seen in Fig. 2 , the FPGA unit performs multiple functions at the same time: acquiring the 8-channel data and performing low-pass anti-aliasing filtering, and sending the data through direct memory access (DMA). In addition, it can drive the custom-made indicator module via SPI bus.
As mentioned previously, the data analysis is performed in the real time controller, which has the flow chart shown in Fig.  3 . As can be seen in the figure, initialization connection, data calibration including engineering unit conversion of each sensor signal are performed first. Then, the analogue sensor signals were captured, which is followed by an FFT analysis, frequency averaging and fault frequency peak detection. Following the peak detection algorithm, a number of subroutines were implemented to identify specific faults based on the fault frequency equations explained in the previous section. Then, fault severity level algorithms were implemented to estimate the specific fault levels based on the amplitudes of the fault frequencies. The output of this section is utilized to drive the indicator module for the condition monitoring of the motor.
IV. EXPERIMENTAL EVALUATION
To assure the correct performance and to verify the capabilities of the system developed, various tests were performed. These include the examination of execution times of each stage of the CompactRIO condition monitoring system program and also verification of the entire system (hardware and software) using real faults (single and multiple faults) that was introduced to the test motors.
The induction motors used in the experiments have the following specifications: 2.2kW, 415V, 4.8A, and 4 pole. During the tests, the sampling frequency was set to 2048 samples and the anti aliasing frequency was 2000Hz.
In the CompactRIO system, execution time analysis was also carried out using Execution Trace Toolkit TM from National Instruments Inc. The execution time for simultaneous 8-channel data acquisition, including cut-off filtering, was found less than 1 ms. Furthermore, the maximum execution time of the various sections of the signal processing algorithms for each channel is listed in Table 2 . Table 3 indicates the execution time of the fault detection and diagnosis algorithms. 
Algorithm Execution Time
Engineering unit adjustment < 1 ms Windowing 8 ms FFT analysis 4 ms Averaging 5 ms Peak searching 3 ms Harmonic and fundamental analysis 2 ms
Bearing, set-up, stator, rotor, eccentricities, supply faults frequencies model calculations The computation stages listed in the above tables were done by few pipelining process in the real time controller. As can be seen in Table 3 , the fault detection and the diagnosis algorithm for limit testing has the longest time among the other algorithms. Furthermore, for 8-channel monitoring, total execution time including signal processing, fault analysis, and CompactRIO standard operating system tread such as events for FTP data transfer, opening and closing applications took approximately 210 ms.
Although the execution times of the algorithms mentioned above are acceptable for the condition monitoring application, further improvements can be made by improving the limit detection algorithm that is based on an interpolation method.
To benchmark the performance of the CompactRIO system developed, an additional test was also performed. In this test, an identical signal were captured, analyzed and compared using a 12-bit, 200KS/sec data acquisition card (NI-PCI-6024E). Fig. 4 shows the LabVIEW front panel of the developed CompactRIO based condition monitoring system. The figure illustrates the single phase motor current and corresponding frequency spectrum (Fig.4a) . In Fig.4b , a zoomed section of the frequency spectrum is given to be able to identify the broken rotor bar sidebands of (1±2s) 5 is given to demonstrate the performance of the system under multiple analogue signal inputs that were captured simultaneously. Fig.5a illustrates both real current and voltage waveforms and corresponding frequency spectrums, which were obtained while the motor had a broken rotor bar fault. In Fig.5b , a multiple fault (broken rotor bar and soft foot) was introduced and three vibration signals and one axial leakage flux of the test motor were measured. As seen in this figure, the software development platform was capable of handling various engineering units and flexible to adjust sensor sensitivities. This feature allowed us to separate and analyze the measured signals accurately. As can be seen in the frequency spectrum of Fig.5b , several test set-up related fault frequency peaks can be detected by the vibration sensors, and the rotor and stator fault frequency peaks can be identified using the axial leakage flux sensor.
A repeatability test was also performed under the above given faults. During these tests, the motor with the subject fault run continuously and the corresponding sensor signals were captured and analyzed in the CompactRIO based system. 
Faults
Correct Detection Stator related faults 75 % Rotor related faults 85 % Eccentricity related faults 65 % Set-up faults 90 % Table 4 is produced to demonstrate the capability of the system, which is based on twenty consecutive measurements. As shown in the table, higher percentage value corresponds to the level of correct detection of the peaks, which is related to the specific fault frequencies under given fault groups.
Although these results may not be acceptable alone to make a decision about the condition of the motor accurately, further works will be done for accurate future extraction analyzing multiple sensor inputs.
V. CONCLUSION
In this paper, a real-time on-site condition monitoring device based on the CompactRIO architecture was developed and tested. The target system is capable of measuring multiple non-invasive sensor signals and is capable of analyzing them for extraction of a selected group of faults.
The paper illustrates the component of both hardware and software units. In addition, the concept of on-site measurement is introduced using an indicator unit that is not covered in detailed due to the commercial sensitivity.
The estimated cost of the system is significantly lower than the existing commercial products (~$3000). However, the cost can be reduced significantly for multiple units.
Although these initial results presented in this paper may not be acceptable for commercial unit, it is planned to investigate various advanced decision making algorithms using multiple sensor signals to identify single or multiple faults.
